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Abstract

A team of graduate students working with Dr. K. Gabriel Xu is currently researching and
designing small, low-cost, 3-D printed thrusters for applications such as re-boosting the orbit of
CubeSat satellites. In order to test the performance of these thrusters, Dr. Xu has requested the
development of a thrust stand capable of measuring the output thrust of these micro-thrusters to a
high degree of precision. This task was ultimately assigned to a five-man senior design team
under the supervision of Dr. Christina Carmen. Based on the results of several technical analyses
conducted during the Fall 2015 semester, the senior design team’s proposed stand design calls
for a linear variable displacement sensor, or LVDT, in order to measure lower amounts of thrust
within the micro-Newton to lower milli-Newton range. The data gathered from the LVDT will
then be imported into a special Excel spreadsheet in order to automatically calculate the forces
exerted by the thruster over any period of time based on user-inputted parameters. While several
thrust stands have been designed and successfully tested in the past, no documented designs have
made use of such a spreadsheet for automatic data processing, nor did they cost less than $2,500
to build. The completed thrust stand shall have the capability of measuring thrust outputs ranging
from 1 micro-Newton up to 1 Newton, with micro-Newton resolution.
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Introduction

The Micro-Thruster Test Stand (MTS) is a test stand built to test micro-thrusters in a
vacuum environment. Micro-thrusters are small thrusters that output low levels of force, ranging
milli-Newton to single digit Newton amounts of force depending on the specific thruster. These
thrusters generally use gaseous propellants such as argon, which allows them to operate very
efficiently. They have been proposed for use as altitude control thrusters in small, low cost
satellites known as CubeSats, as their high efficiency could allow such satellites to remain in
orbit for longer periods of time. Since micro-thrusters are a relatively new field of research, test
stands capable of accurately measuring their thrust outputs are extremely difficult to find, with
most examples in the possession of NASA or private companies specializing in micro-thrusters.
Such a stand was requested and funded by Dr. K. Gabriel Xu of the UAH Department of
Mechanical and Aerospace Engineering in order to aid in his research. Dr. Xu requested that the
stand be capable of accurately measuring thrust outputs down to the micro-Newton level with a
resolution of one micro-Newton. The development of this stand was assigned to a four-person
senior design team operating under the supervision of Dr. Christina Carmen of the UAH MAE
Department, with a fifth person joining the team during the Spring 2016 semester. The stand was
to be capable of measuring thrust within a range of 1 micro-Newton to 1 Newton with a
resolution of a single micro-Newton, have the capability of accommodating thrusters with a mass
of up to 10 kilograms, be able to have its tilt adjusted in at least two axes, and be compact
enough to fit within the large vacuum chamber located at the Johnson Research Center (JRC) on
campus.
The most important component of the MTS is a distance sensor known as a linear
variable displacement transformer, or LVDT. Every other component and sensor of the MTS

Thrust Measurement System

6

either supports or compliments the functionality of the LVDT. The LVDT model used in the
MTS is a Macro Sensors® PR 750-050 LVDT capable of measuring displacements within a
range of ±0.05 inches (“PR750”). The LVDT consists of three components: the coil, the core,
and the signal conditioner. These components are shown in Figures 1, 2, and 3, respectively. The
coil is simply a collection of coiled wire housed in a cylindrical frame with an opening in the
middle. The core is a steel cylinder with a diameter slightly smaller than that of the opening in
the coil, allowing the core to be inserted into the coil. When power is supplied to the LVDT and
the core is inserted into the coil, a voltage output between 0 and 10 volts is generated. As the
core is moved within the coil, the magnitude of this voltage output changes, allowing distance
measurements to be linearly interpolated based on user-calibrated maximum and minimum
displacement positions. The signal conditioner used in the MTS is a Macro Sensors® EAZYCAL MME-1000 (“Eazy-Cal”). It is wired to the coil via screw contacts and is the component
that interprets voltage readings and transmits the readings to an appropriate data acquisition
(DAQ) unit. The signal conditioner draws power from a dedicated 24-volt power supply and
feeds it to the coil to allow for electrical current generation.

Figure 1 - LVDT core
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Figure 2 - LVDT Coil

Figure 3 - LVDT signal conditioner
Figure 4 shows the completed MTS inside of the vacuum chamber. In the chosen
design, the LVDT is mounted via a threaded connecting rod to an aluminum moment arm. The
arm is mounted to the main frame of the MTS using a torsional spring known as a flexure pivot,
which provides resistance to rotation of the moment arm. The thruster is screwed onto one end of
the moment arm using a threaded mount, with a counterbalance mounted onto the opposite end
of the arm to ensure that the arm remains level. A metal propellant line is also mounted along the
long axis of the moment arm in order to provide fuel to the thruster. Because it is directly
attached to the arm, the propellant line provides additional resistance to rotation and therefore
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must be treated as an additional torsional spring when calculating displacement and force. When
the thruster fires, the LVDT is able to measure the displacement of the moment arm from its
resting position in the form of changes in voltage. The force exerted by the thruster can then be
calculated from this measured displacement. A longer moment arm allows for more accurate
thrust measurements at the expense of lower measurable magnitudes of force. The author’s role
on the team was to set up the LVDT and create a macro-enabled Excel worksheet that would
import a set of voltage readings from the LVDT and convert those voltage readings into force
readings based on user-specified values for the distance of the thruster from the pivot point, the
spring rate of the flexure pivot used, and the maximum thrust rating of the thruster that is tested,
as well as the properties of the propellant line mounted on the moment arm.

Moment arm
Fuel line
LVDT

Feed-through connections

Figure 4 - MTS in vacuum chamber
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The Build Process

LVDT Hardware Setup
A 48-inch long aluminum beam was chosen for use as the moment arm, as this length
provided an optimum combination of accuracy and compactness. The moment arm was attached
to the flexure pivot at its center point, effectively dividing the arm into two 24-inch long
sections. The LVDT core and connecting rod were attached to the right side of the moment arm
along with a thread mount for mounting a micro-thruster. The LVDT coil was attached to its
mounting block and mounted onto a vertically projecting aluminum beam. Figure 5 shows the
complete LVDT assembly on the completed MTS.

Core

Connecting rod

Coil

Moment arm

Figure 5 - LVDT mounting configuration
The LVDT signal conditioner was ultimately placed inside of a flip-open container
known as as the “Control Box,” as shown in Figure 6. The Control Box contains all of the power
supplies, signal conditioners, and switches necessary for operating all of the components of the
LVDT. The LVDT is connected to the signal conditioner via a set of long wires connected to a
bank of screw contacts that lead to the electrical contacts on the signal conditioner itself. The
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Control Box is intended to be placed next to the user and the DAQ; consequently, the signal
conditioner is always accessible to the user, even during operation of the MTS, and it can be
used to initiate the LVDT calibration process at any time.

Figure 6 - MTS Control Box
The calibration procedure for the MTS is relatively simple and can be performed at any
time before the thruster is fired. To calibrate the LVDT, the user must perform the following
steps:
1. Plug in the control box and wait at least three minutes for the LVDT signal conditioner
to warm up.
2. Wait at least 3 minutes for the signal conditioner to warm up.
3. Remove the two locking plates from the MTS.
4. Simultaneously press and hold both the “FULL SCALE” and “ZERO” buttons on the
signal conditioner for 3 seconds. The “OPER/CAL” LED will start to blink to indicate
that the signal conditioner is in calibration mode.
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5. Check to see if the green “NULL” LED on the signal conditioner is lit. This indicates
that the core is properly centered within the coil. If it is not lit, then adjust the position of
the coil until it is lit. If the “FULL SCALE” LED is lit, the core is positioned past the
null point. If the “ZERO” LED is lit, the core is positioned in front of the null point.
6. Using the calibration solenoid mounted on the MTS, apply a force to the moment arm
equal to the maximum expected thrust from the thruster.
7. When the moment arm has settled into its new position, with the solenoid still active,
press the “FULL SCALE” button on the signal conditioner. This position is now set as
the maximum displacement position.
8. Switch the positive and negative wires of the calibration solenoid. This will cause the
solenoid to pull on the moment arm instead of pushing on it.
9. Using the calibration solenoid, apply a force to the moment arm equal to the maximum
expected thrust from the thruster. This position corresponds to the minimum
displacement position of the LVDT. Then, press the “ZERO” button and wait for the 3
position LEDs to stop flashing. The minimum displacement position is now set.
10. The LVDT is now calibrated and ready for use.

All displacements of the LVDT core are measured with respect to the coil’s null point. The
calibration procedure allows the user to set the LVDT to measure any range of displacements
equal to or less than its rated displacement range, with 0 volts corresponding to a maximum
displacement behind the null point, 5 volts corresponding to no displacement from the null point,
and 10 volts corresponding to a maximum displacement past the null point. For example, if the
user were to calibrate the LVDT to measure within a displacement range of ±0.01 inches, a
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displacement of -0.01 inches would result in a voltage reading of 0 volts and a displacement of
0.01 inches would result in a voltage reading of 10 volts.
The Data Analysis Worksheet
Since the LVDT measures voltage changes as opposed to directly measuring
displacement, the voltage readings must be processed in order to determine the corresponding
displacement of the LVDT core. The most straightforward solution to this issue was to create an
Excel spreadsheet that can import a selected set of LVDT voltage readings and then, using linear
interpolation, automatically determine the corresponding displacements and force outputs. A
Visual Basic for Applications (VBA) macro was incorporated into the Excel spreadsheet in order
to facilitate a user-friendly application and to automate the process of interpreting data. The
development of the Excel spreadsheet, ultimately known as the Data Analysis Worksheet
(DAW), was split into two primary parts – coding and data analysis.
Coding
Writing the VBA macro for the DAW proved to be the most difficult portion of the
project. While VBA is relatively easy to learn and shares some characteristics with common
programming languages like C++, the author had no prior experience with VBA and was
therefore required to familiarize himself with the language using online tutorials. As a result,
writing the VBA macro took up a considerable portion of the approximately fifty man-hours
required to complete the DAW.
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Figure 7 - Blank Data Analysis Worksheet
Figure 7 depicts the starting interface when the DAW is first opened by the user in
Excel. In rows 1, 2, and 3, six variables are defined and used by the DAW to perform
calculations. Of these six variables, pivot length, spring rate, and maximum thrust output are
defined by the user, maximum and minimum voltage are fixed variables, and maximum
displacement is calculated based on the three user-defined variables. Upon clicking the gray
“Start” button, the user is prompted to first enter the distance of the thruster from the pivot point,
the spring rate of the flexure pivot used, and then the maximum thrust output of the thruster to be
tested, in that order. Since the propellant line provides an additional resistance to rotation of the
moment arm, the user is also prompted to enter the modulus of rigidity, polar moment of inertia,
and height of the propellant line. Once each of these values is defined, an “Open File” window
appears, allowing the user to select an .xls, .xlsx, or .csv file containing the voltage
measurements from the LVDT. After an appropriate file is selected, the values of the six inputted
variables are entered into cells B1, B2, B3, E1, E2, and E3, respectively, and the maximum
theoretical displacement of the LVDT is calculated based on these inputted parameters. This
theoretical maximum displacement is calculated based on the equation
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𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 =

(𝐷𝐿 ∗𝑇𝑚𝑎𝑥 ∗𝐿𝑝𝑖𝑣𝑜𝑡 )
𝑇𝑆𝑅𝐹𝑃 +

𝐺∗𝐽
𝐻

,

where DL is the distance of the LVDT from the pivot point in meters, which is a constant 0.51
meters, Tmax is the maximum theoretical thrust output in Newtons, Lpivot is the distance of the
thruster from the pivot point, TSRFP is the spring rate of the flexure pivot in N*m/radian, G is the
modulus of rigidity of the propellant line in Pascals, J is the polar moment of inertia of the
propellant line in m4, and H is the height of the propellant line in meters (Boyd). The voltage
readings from the selected data file are then copied into Column A of the DAW.

Data Analysis
After the voltage measurements from the LVDT are imported into the DAW, they must
be analyzed in order to determine the displacement of the LVDT core and the corresponding
force exerted on the moment arm. Column B of the DAW contains the linear interpolation
formula used to convert a voltage measurement into an equivalent displacement measurement.
The linear interpolation formula is expressed by the equation
𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 =

(𝑉 − 𝑉𝑚𝑖𝑛 ) ∗ 𝐷𝑚𝑎𝑥
𝑉𝑚𝑎𝑥 − 𝑉𝑚𝑖𝑛

where Vmin and Vmax are the minimum and maximum possible voltage readings from the LVDT,
V is the voltage reading from the LVDT at any given time, and Dmax is the maximum theoretical
displacement of the LVDT core based on the user-inputted parameters. This displacement is then
used to calculate the corresponding force applied to the moment arm. The relationship between
displacement and applied force is given by the equation
𝐺∗𝐽
(𝑇𝑆𝑅𝐹𝑃 + 𝐻 )
𝐹𝑜𝑟𝑐𝑒 =
∗𝐷
𝐿𝑝𝑖𝑣𝑜𝑡 ∗ 𝐷𝐿
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where TSRFP is the spring rate of the flexure pivot in N*m/radian, G is the modulus of rigidity of
the propellant line in Pascals, J is the polar moment of inertia of the propellant line in m4, H is
the height of the propellant line in meters, D is the displacement calculated in Column B in
meters, Lpivot is the distance of the thruster from the pivot point, and DL is the distance of the
LVDT from the pivot point in meters, which is a constant 0.51 meters. Figure 8 depicts a set of
displacement and force values calculated from voltage measurements obtained during testing of
the MTS using a micro-thruster provided by a graduate research assistant.

Figure 8 - Test results
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Self-Assessment

Looking back, I am generally satisfied with my performance on this part of the project.
Although I started the project with no knowledge of thrust stands and relatively limited
knowledge of distance sensors, I was able to familiarize myself with these topics over the course
of the past two semesters. Despite this semester being a busy one, I was also able to spend at
least five or six hours per week working on this project, whether that time involved
programming, adjusting and experimenting with the LVDT, or even assisting another teammate
with one of their assigned tasks. Furthermore, I was able to take technical analyses performed by
my teammates that were relevant to my work on the project, interpret the information, and then
apply it towards my own work. Working on this project allowed me to further my skills in both
programming and working with electronic sensors. It also improved my communication skills
due to the fact that I was working on a senior design team. As far as things that I would have
done differently, I would have liked more time to work on the Data Analysis Worksheet. The
VBA code, while functional, is somewhat disorganized and difficult to read, an issue that I tried
to alleviate by adding comments to important lines of the code. I would have also chosen an
LVDT with a larger range of motion than ±0.05 inches, as the LVDT’s limited range of motion
makes it somewhat difficult to calibrate. Overall, though, I feel like I did a good job with this
project.
During testing, the completed MTS was discovered to have an issue with underestimating
the magnitude of measured forces. Specifically, forces in the milli-Newton range were often off
by a factor of 3, whereas micro-Newton force measurements could be off by a factor of up to 30.
After examining the stand, I concluded that the issue was not caused by either the LVDT or the
DAW. The LVDT was calibrated correctly and responded in an expected manner, and the
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equations used in the DAW were double-checked and verified to be accurate. After discussions
with my senior design teammates, we came to the conclusion that there were two main causes of
this problem. The first problem was that the 3D-printed thruster that we were given to test had a
manufacturing flaw that rendered it excessively porous; as a result, it tended to vent propellant
through microscopic holes in its body, which lowered the force output from the nozzle. The
second problem is that the propellant line proved to be stiffer than expected based on the
technical analyses conducted by the team. The initial analysis was conducted under the
assumption that the line was 20 inches in height, made of aluminum, and dangling from the top
of the vacuum chamber. In the final design, the propellant line was instead 5 inches in height,
made of steel, and was attached to the baseplate of the MTS, which significantly increased the
effective spring rate and reduced the range of motion of the moment arm. My teammates and I
considered various ways to reduce the effect of the propellant line on moment arm displacement,
but we were unfortunately unable to implement any of these methods before the end of the
semester. Since four of the five members of the team, including myself, will be graduating at the
end of the semester, mitigating this problem will have to be left to Dr. Xu and his research
assistants.
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